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ABSTRACT
The global market for nanomaterials based products is forecasted to reach $1 trillion per annum
per annum for 2015. Engineered nanomaterials (ENMs) exhibit unique physicochemical
properties with potential to impact diverse aspects of society through applications in
electronics, renewable energy, and medicine. While the research and proposed applications of
ENMs continue to grow rapidly, the health and safety of ENMs still remains a major concern to
the public as well as to policy makers and funding agencies. It is now widely accepted that
focused efforts are needed for identifying the list of physicochemical descriptors of ENM before
they can be evaluated for nanotoxicity and biological response. This task is surprisingly
challenging, as many physicochemical properties of ENMs are closely inter related and cannot
be varied independently (e.g. increasing the size of an ENM can introduce additional defects).
For example, varying toxic response may ensue due to different methods of nanomaterial
preparation, dissimilar impurities and defects. Furthermore, the inadvertent coating of proteins
on ENM surface in any biological milieu results in the formation of the so-called “protein/biocorona” which can in turn alter the fate of ENMs and their biological response.

Carbon nanomaterials (CNMs) such as carbon nanotubes, graphene, and graphene oxide are
widely used ENMs. It is now known that defects in CNMs play an important role not only in
materials properties but also in the determination of how materials interact at the nano‐bio
interface. In this regard, this work investigates the influence of defect-induced hydrophilicity on
the bio-corona formation using micro Raman, photoluminescence, infrared spectroscopy,
electrochemistry, and molecular dynamics simulations. Our results show that the interaction of
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proteins (albumin and fibrinogen) with CNMs is strongly influenced by charge transfer between
them, inducing protein unfolding which enhances conformational entropy and higher protein
adsorption.
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CHAPTER 1
INTRODUCTION
Nanomaterials and nanotechnology have emerged as valuable contributors in several fields
over the past few years. From anti-bacterial water filters1, bacteria and water resistant clothes2,
in catalytic converters3,4, organ implants, medicine5–7 and energy storage8,9, nanomaterials
promise to make everything smaller and more efficient. In 2014, around $88 million was
invested10 in nanotechnology related industries and this is expected to rise to $1 trillion per
annum by the end of 2015. Despite its popularity, there are deep concerns over the impact of
engineered nanomaterial’s biological response in living organisms and the environment at large,
which is refraining it from expanding into large scale production. The toxic threats to human
health and the enviroment11,12 that nanomaterials might produce are not fully understood yet.
Concerns about the occupational exposure to engineered nanomaterials can be easily controlled
and mitigated, but the effect of passive uptake of engineered nanomaterials into the body
and/or the environment due to the use of engineered nanomaterials in our daily use products is
not yet known. The advancement and wide acceptance of nanotechnology relies heavily on the
understanding of the impact of fundamental properties of engineered nanomaterials on
physiological and environmental systems. This understanding is also vital if it is to be employed
for medicinal purposes, like targeted drug delivery13,14. Upon introduction into a biological
system, nanoparticles associate with a variety of biomolecules, which alters their mobility and
biological response. This work attempts to answer some significant questions regarding nano
bio-toxicity by studying the effects of defects of carbon nanomaterials on the formation of
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protein corona. Below is a brief introduction and review on the developments in related fields
so far.

1.1 Nanomaterials
sAs of today, there is no widely accepted definition of nanomaterials. In general,
nanomaterials refer to any objects which have atleast one dimension in the order of a few
nanometers (1-100nm). But we have been, albeit unknowingly, using nanomaterials for a long
time. For example, the colorful stained glass windows in European chapels are attributed to
plasmons in metal nanoparticles. In those days, although unknowingly, gold nanoparticles were
doped in glass to give it a reddish color and silver nanoparticles were used to give it a yellowish
ting.15

Fig 1. 1 A Damascus saber (photo by Tina Fineberg for The New York Times). (Inset) HR-TEm
image of carbon nanotubes in a genuine Damascus sabre after dissolution in HCl, showing (scale
bar, 5 nm) (M. Reibold et al. Nature 444, 286, 2006)
This also resulted them in being resistant to fading due to exposure to UV rays over long
time and the nanoparticles acted as photo catalytic air purifiers. Carbon nanotubes were also
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found(see Fig 1.1) in sabers from Damascus16, which were famed for their strength and
sharpness.

It is to be believed that Michael Faraday’s paper on the study of colloidal metal
particle’s interaction with light17,18 truly started the study of nanomaterials. Properties of
materials in the nano regime vary greatly from their bulk counterparts. For example; copper,
which is malleable and ductile, loses its malleability as we go to sample sizes below 50nm19.
Ferromagnetic materials below the size of 10nm have much lower coercivity and can switch
magnetization at room temperature20. High surface area to volume ratios make it possible to
have suspensions of nanomaterials (Fig 1.2). As mentioned earlier, Colloidal gold nanoparticles
appear different shades of red according to the concentration. Nanomaterial synthesis can be
majorly split into two categories21:bottom up and top down. Bottom up methods such as laser
ablation, molecular beam epitaxy and chemical vapor deposition involve arrangement of
constituent atoms and molecules into nanostructured arrays. In top down methods, the bulk
material is reduced to the desired nanostructure(s) through different processes such as
lithography or ball milling22.

Fig 1. 2 Gold nanoparticles of different sizes in an aqueous solution from nanoComposix
3

The first detailed study on characterizing nanomaterials was done by Dr. Zsigmondy who
used dark field methods to observe Au nanoparticles under an ultramicroscope23. Since then
several techniques were developed to characterize nanomaterials including, scanning and
transmission electron microscopes, Raman spectroscopy, electrochemical impedance
spectroscopy, to name a few for characterizing different properties of nanomaterials.

1.2 Proteins
Proteins are large bio-polymers consisting of one or more chains of amino acid residues.
They perform a vast array of functions inside living organisms24 like catalyzing metabolic
reaction, DNA replication and responding to stimuli to name a few. Some examples: Collagen is
the most commonly found protein in our body and it assists in providing structural integrity by
holding together different parts of the body. Hemoglobin in red blood cells carries oxygen to
different parts of the body. Enzymes, like amylase, act as a catalyst to speed up certain
processes, like breaking starch into sugars, which would otherwise be a long and time
consuming process. Immunoglobulin G acts as an anti-body by attaching itself to foreign
particles like bacteria and virus, thereby protecting us. The first structure of proteins were
discovered in late 1950s by John Kendrew25 and since then over 20,000 structures are solved
and are now available in the protein data bank26. As mentioned earlier; proteins are linear biopolymers with amino acids forming the monomer group. There are twenty different amino acids
that make up the protein27. Several amino acids bonded to each other are called polypeptides
and these polypeptides consist of backbones and side chains.

4

Fig 1. 3 (a) Crude model of protein folding, (b) Hydrogen bond between amide and water
molecules27
The backbone has the amino acid group (amide nitrogen, alpha carbon and carbonyl carbon)
with the alkane groups dangling from the backbone as side chains. Proteins are distinguished by
the number and order of the constituent amino acid groups. For a polypeptide it to be called a
protein, it must be able to fold into a well-defined 3-dimensional structure which is a
requirement for protein function. The protein has 3 levels of structure. The first of such levels
can be represented by the genetically determined sequence of amino acids and is called the
primary structure of the protein. This which can be compared to beads (amino acids) on a string
(backbone) as shown in Fig. 1.3(a). The formation of internal hydrogen bonds and interactions
with water and other amide molecules leads to secondary protein structures: α-helices and βsheets. α-helices have the polypeptide backbone coiled in a right turning helix where hydrogen
bonding occurs between each turn of the helix. In β-sheets, the polypeptides are stretched out
and lie along each other in parallel or anti-parallel orientation and hydrogen bonding occurs
between them. Also there are β-turns, which connect adjacent strands of anti-parallel β-sheets
and unordered structures. When the secondary structure gets tightly packed together to form a
well-defined 3-D structure it is called a tertiary structure. In this structure, the spatial co5

Fig 1. 4 Model of Bovine Serum Albumin (BSA)
ordinates of all atoms in the protein are well defined. They are held in place by weak van-der
Waal interaction among the side chains. As these forces are weak, protein structures changes
when exposed to heat and certain chemicals. Now, to protect the hydrophilic amide branches,
the protein folds up such that the hydrophilic parts are inside and away from the water
molecules outside. This is called protein folding and forms the tertiary level of protein structure.
An example of a protein with its secondary and tertiary structure is shown in Fig. 1.4.

1.3

Nano-Bio Interface:
Because of their small size, nano-materials are best suited for cellular level interactions.

They can be ‘engineered’ to interact with cells in a specific way. Thus, engineered nanomaterials have the potential to solve some of the long standing challenges in medicine and
health care. This has led to increased use of engineered nano-materials in bio-medicine, which
in turn raises concerns regarding their adverse immune response28,29. Blood is the first
physiological environment that ENMs encounter upon intravenous injection for use as a drug
6

delivery vector or a biomedical imaging contrast agent. Previously, it was shown that many
different proteins and lipids compete between themselves for adsorbing on to the surface of
ENMs to form a bio “corona”30–32 as shown in Fig 1.5. Interactions between ENMs and the
adsorbed proteins in the bio-corona may alter the structural arrangement of proteins leading to
changes in their secondary structure through protein unfolding30–37. The formation of bio-corona
and ensuing protein structural changes play an important role in complement initiation (through
C3b protein) and adverse reactions of ENMs38,39. A detailed understanding of the ENM-biomolecular interactions is therefore necessary to completely understand ENM toxicity and
immune response40–43.

Among the wide variety of nanostructures, carbon nanomaterials (CNMs) represent an
intriguing set of ENMs from biological and toxicity standpoints because CNMs: i) possess
excellent affinity for proteins through hydrophobic and aromatic pi-pi stacking interactions44,45,

Fig 1. 5 Illustration of proteins engulfing a nano-particle forming a Protein Corona
7

and ii) exhibit unique molecular charge-transfer among themselves and with other molecules
including proteins, which can destabilize proteins/enzymes and thereby have great implications
on their physiological response29,46–48. For instance, while C60 is known to display charge-transfer
interactions with electron donor molecules including organic amines, Graphene and singlewalled carbon nanotubes (SWNTs) can act as either electron donors or acceptors with proteins
such as streptavidin46. While the root cause of ENMs (particularly, CNMs) toxicity is still a subject
of ongoing research, numerous studies have identified the presence of bioactive defects in
ENMs (including Au, Ag, TiO2, SiO2, and CNMs) as the common denominator in their
physiological response29,40–43. In this regard, it has been hypothesized that the presence of
neutral and charged defects in CNMs could generate highly reactive oxygen species and induce
structural changes in proteins leading to the observed adverse immune response29,48. Despite
this obvious importance of defects and charge transfer in ENM toxicity, the influence of
structural and functional defects in CNMs on bio-molecular adsorption and immune response
remains poorly understood49. Although the formation of protein corona on CNMs has been
extensively studied in recent years, the underlying physical and chemical processes in protein
and defected CNM interactions (e.g., charge transfer between proteins and defects) have not
yet been completely understood. To elucidate the role of defects and their associated charge
transfer in biological interactions of CNMs, it is imperative to synthesize CNMs with different
defect content and study their effects on protein corona.

8

In this study, the interaction of bovine serum albumin (BSA) and fibrinogen with
defected CNMs such as multi-walled carbon nanotubes (MWNTs), graphene, and graphene
oxide nanoribbons (GNRs and GONRs) were investigated using micro-Raman spectroscopy,
photoluminescence, infrared absorption, electrochemistry and molecular dynamics (MD)
simulations. The defects in the CNMs used in this study include edges (e.g., edges coming from
finiteness of GNRs), functional groups (e.g., hydroxyl and carboxyl groups on GONRs), and other
topological defects (e.g., vacancies and Stone-Wales defects). While MWNTs are seamless
cylinders with some topological defects and only a few available edges at their ends, GNRs and
GONRs provide more edges with different functional groups and are well suited for investigating
the influence of defects on protein adsorption. Furthermore, the lack of functional group-type
defects on MWNTs makes them more hydrophobic than GNRs (weakly hydrophilic) and GONRs
(strongly hydrophilic), allowing us to understand the interplay between shape and defectinduced hydrophilicity of CNMs on their bio-molecular interactions. We have identified
fibrinogen (tubular structure with high-internal stability) and albumin (globular with relatively
low internal stability) as the model proteins of interest due to their contrasting properties and
binding affinities. We observed: (i) that BSA exhibited similar adsorption on all the CNMs,
whereas fibrinogen showed better binding to GNRs and GONRs, (ii) the charge transfer for the
case of BSA (/fibrinogen) adsorbed on MWNTs (/GONR) to be the highest, and (iii) an enhanced
relaxation of α–helices in proteins with highest charge transfer/adsorption (viz., MWNTs in case
of BSA and GONRs for fibrinogen) suggesting that the charge transfer reactions between
proteins and CNMs may be critical to control ENM-bio-molecular interactions.

9

In further chapters we will look into some of the spectroscopic techniques used for this
study followed by the experiments & discussions and scope for future study.

10

CHAPTER 2
Spectroscopic Techniques
Spectroscopy is the part of science that studies the interaction of matter with
electromagnetic radiation and infers useful information about the interacting matter
from those interaction. The electromagnetic spectrum is very broad, with wavelengths
ranging from 10m (Nuclear Magnetic Resonance (NMR) spectroscopy) to 100 pm (X-ray
and γ-ray spectroscopy)50. Depending on the spectrum chosen, one can learn about
electron spin interaction (NMR and electron spin resonance (ESR) spectroscopy), change
of orientation (Microwave spectroscopy), change of molecular configurations (Infra-Red
(FTIR) Spectroscopy), and change of electronic distributions (Ultraviolet and Visible (UVVIS) and X-Ray spectroscopy. In this chapter, some of the spectroscopic tools used in this
study are briefly discussed.

2.1 Fourier Transform Infrared Spectroscopy

The chemical bonds in molecules are not rigid, but are elastic in nature.
Molecules are constantly vibrating about their equilibrium position. This vibrational

Fig 2. 1 IR absorption bands for different molecules
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energy corresponds to the infrared region (~100μm to 1μm) on the electromagnetic
spectrum51. Each bond in the molecule has a characteristic vibrating frequency
depending upon the constituent molecules as shown in Fig 2.1. Thus when the molecules
are irradiated with IR radiation, specific wavelengths corresponding to the vibrational
frequency of the molecule will be absorbed by the molecule exciting it into a new
vibrating state. When the molecule(s) relax to the ground state, they radiate the
absorbed wavelengths. Thus by observing the re-emitted IR spectrum one can identify
the bonds present in the molecule. This radiation arises from light-induced dipole
emission as shown in Fig. 2.1.

As the IR spectrum is too wide [from 700nm to 1mm] it would take quite a long
time to disperse one wavelength at a time through the sample. Fourier Transform
Infrared (FTIR) spectroscopy solves this problem. In this technique, IR light is made to
pass through a Michelson interferometer (shown in Fig. 2.2) before passing through the
sample. IR intensity is recorded as a function of mirror position. This interferogram is
then Fourier transformed to get the IR spectra of the sample which is then compared to a
reference. There are several advantages to this technique like52:

i)

Fellgett’s Advantage where the signal for all wavelengths are collected
simultaneously (also known as multiplex advantage). Thus we get
improved speed and signal-to-noise ratio53.
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ii)

There is no need to measure low intensity IR waves as in the dispersive
method (Jacquinot’s advantage).

FTIR or IR spectroscopy has several uses. As mentioned before, it is used to detect
the nature of bonds present in the molecule. Because of its sensitivity, it can be used to
detect isotopes of the same material. In industry, it is used for quality control, dynamic
measurements and monitoring applications. It is also used by law enforcement agencies
to detect blood alcohol levels of suspected drivers and polymer degradation in forensic
analysis.

Fig 2. 2 Michelson Interferometer setup for FTIR
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2.2 Raman Spectroscopy

Raman spectroscopy, named after Sir C.V. Raman who discovered it in 1928, is a
spectroscopic technique which uses inelastic scattering between light and molecules to
observe rotational, vibrational and other low frequency modes. When a monochromatic
light is incident on the sample it gets scattered in all directions. Most of the scattered
light, however, is of the same wavelength. This is called elastic scattering or Rayleigh
scattering where light does not interact (exchange energy) with the molecule scattering
it. But a small part of the scattered light is of higher or lower wavelength. This is known
as inelastic scattering or Raman scattering. Here the incident radiation interacts with the
molecule and the molecule gains or loses some energy. Thus the scattered light has
slightly higher or lower wavelength than the incident radiation. By measuring the change
in energy of the photon, one can find the change in the energy of the molecule as total
energy should be conserved in the scattering process. This change in energy of the
molecule will give us the transitions between molecular energy levels54. The scattered
wave with lower frequencies than the incident radiation are called stokes line and the
one with higher frequencies than incident radiation are called anti-stokes line (Shown in
Fig. 2.3). When the molecule absorbs some energy from the incident radiation, we get
the stokes lines. When the molecules is already in an excited state and during the
interaction, the molecules gives away some energy, we get the anti-stokes lines. The plot
of frequency v/s shift gives the Raman spectrum of the molecule. Usually Raman spectra
are plotted such that the incident frequency (Raleigh band) lies at 0 cm-1 with stokes and
anti-stokes lines on either side.
14

Inelastically scattered light constitutes a very less percentage of totally scattered
light and is very weak and the main challenge is isolating the inelastically scattered light
from the very intense elastically scattered light. There has been many steps taken to
overcome this hurdle but work has also been done to improve the Raman signal which
has resulted in different Raman techniques. For example in surface enhanced Raman
spectroscopy gold and silver surface plasmons are used to enhance Raman signal55,56.

Raman spectroscopy is complimentary to IR spectroscopy and offers several
advantages. IR spectroscopy is very sensitive to moisture (water) and care must be taken
while preparing the sample. But for Raman spectroscopy, water can only weakly scatter,
so no special sample preparation techniques are required. Raman spectrum is also

Fig 2. 3 Energy level diagram showing states involved in Raman Scattering
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sharper compared to IR spectrum as fundamental modes are measured. Because of this
Raman spectroscopy is better for quantitative analysis.

2.3 Scanning Electron Microscopy:

A Scanning Electron Microscope (SEM) is a microscope that is used to capture
images at the nano scale. Unlike an optical microscope, a SEM uses an electron beam, in
place of light, to capture images. In a SEM, a highly focussed beam of high energy
electrons is bombarded on the sample. These high energy electrons interact with the
sample in several ways. These interactions are recorded and analysed to produce the
final high resolution image. A scanning electron microscope consists of several stages as

Fig 2. 4 Schematic illustration of stages of a scanning
electron microscope from howstuffwork.com
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illustrated in Fig. 2.4. An electron gun is used as a source of electrons. These electrons
are then accelerated by a specially designed anode, which is maintained at a high
potential difference. These accelerated electrons then pass through some strong
electromagnets, which focuses them to particular spots on the sample. This is called
magnetic lensing. They then pass through some electrodes called the scanning coils,
which sweeps the electron beam over the sample, covering the entire area of the
sample.

This highly focused beam of electron then interact with the sample. The

electrons carry a large amount of kinetic energy. This energy is lost through several
interactions, which are recorded and analysed to get the final high resolution image.
Some electrons may pass through the sample without any interaction. Others might
result in undergoing elastic and in-elastic collisions giving us a variety of information
(shown in Fig. 2.5). The incident beam has high energy and can easily know out electrons
from the sample. These are called secondary electrons. The electrons are of low energy
and a single electron form the incident beam can produce a shower of such secondary
electrons. The secondary electrons are of low energy and are found on the surface of the
sample. They are collected to form the SEM image. Electrons undergoing elastic
scattering with the nucleus of sample are called back-scattered electrons. They do not
involve in much interaction with the sample and are reflected back. These backscattered
electrons provide us information about the size of atoms in the sample as larger atoms
have higher probability of scattering electrons. Thus brighter spots in the image will
correspond to larger atoms in the sample. They provide us with a high resolution grey-
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scale compositional map of the sample. Magnification of the SEM image is controlled by
reducing the area to be scanned by the scan coils. Due to the bombardment of high
energy electrons on the surface of the sample, cathodoluminescence is produced. It is
the emission of photons of characteristic wavelengths from the surface of the material
under high energy electron/photon bombardment. The nature of this radiation will
depend on the composition, lattice structure, defects and other physical conditions of
the sample. Sometimes, high-energy electrons can knock out electrons from the inner
orbitals of the sample. This vacant space is then filled by electrons from the outer
orbitals, emitting characteristic X-rays in the process. These X-rays are unique for each
atom and even tell us about the electron levels between which the transition happened.
These X-rays are used in Energy Dispersive X-Ray Spectroscopy (EDS) Analysis to find the
elemental composition of the sample while taking the SEM image. This is a non-

Fig 2. 5 Possible Electron beam - sample interactions

18

destructive way to identify the elemental composition of the sample. It also gives us a
quantitative analysis with detection rates as small as 0.2%.

As we use a high energy electron beam, which then undergoes focussing, we
must maintain the chamber in very high vacuum to prevent the electrons from being
scattered. This limits the sample size that can be measure. Also it restricts us on the use
of wet samples as they will outgas at low pressures. There are special provisions and
attachments that can be used while dealing with such samples. It is usually difficult to
detect lighter elements like H, He, etc. using the EDS. Most detectors are able to measure
from Na onwards. Samples must be electrically conductive for SEM to work and are
electrically grounded to avoid shadow effects. Thus, non-conductive samples are sputter
coated with a thin layer of highly conductive materials like gold, silver or platinum.

2.4 Photoluminescence Spectroscopy:

It is a method to probe the electronic structure of materials in a contactless and
non-destructive way. Photoluminescence is the process of re-emission of light after
photon absorption. It can be divided into fluorescence and phosphorescence. When an
electron absorbs incident radiation, it goes up to an excited state. This singlet excited
state emits a photon and comes down to the ground state. This process is called
fluorescence. Here the electron’s spin is conserved in the entire process. The lifetime of
the excited state is between 10-5 to 10-8 sec and is a common process in our day to day
life. In some cases, the singlet state becomes a triplet excited state after the absorption
of photon. In this process, the electron spin is not conserved. Here there might be several
19

steps through which the excited state loses energy to reach the ground state. This
process is called phosphorescence and the average lifetime for this process ranges from
10-4 to 104 seconds. As the average lifetime is so high, phosphorescence may continue for
some time after the source is removed. The process of molecular relaxation without
emission of a photon is called radiationless deactivation. It may happen through one of
the following steps:

i)

vibrational relaxation; where the molecules loses energy by transitioning to a
lower vibrational state in the same energy level.

ii)

Internal conversion; where the molecule passes to a higher vibrational energy
level of a lower electronic state

iii)

External conversion; where the molecule loses its excess energy to the solvent

iv)

Intersystem crossing; where the excited molecule passes to the higher
vibrational energy level of a lower electronic state without conservation of
spin. This is more predominant in phosphorescence.

The setup for PL spectroscopy is quite simple. It consists of a source with a
monochromator and a filter, the sample holder and a detector preceded by a filter to
choose emission wavelength. The detector is usually not kept directly across from the
source to avoid recording the transmitted signal. It is usually kept a t a spot
perpendicular from the source.
20

Molecular photoluminescence has can be used for direct and indirect quantitative
analysis of molecules in a variety of backgrounds. If quantum yield of the sample is
favourable, then direct quantitative analysis is possible. When quantum yield is low,
then indirect methods are used where it is added to a reagent which has a favourable
quantum yield and the difference in its yield is measured. From the PL spectra of a
semiconductor, its band gap can be easily determined. This is of vital importance
research for materials in solar cells. At low temperatures, PL can be used to find
impurities in the sample. Due to high sensitivity, even extremely low concentrations
of impurities can be detected.

21

CHAPTER 3

Experiment and Results

3.1 Sample Preparation:

In this study, M grade MWNTs (diameter: 50 nm and length > 5μm) were
obtained from NanoTechLabs, Yadkinville, NC. The unzipping and refluxing methods were
used to prepare GNRs and GONRs from MWNTs. In the unzipping process, 500 mg of
MWNTs were mixed with 100 mL of concentrated H2SO4 (Sigma Aldrich, 95‐98% purity)
and bath sonicated for 3 hours (Aquasonic P250HT). Subsequently, 2 g of KMnO4
(SigmaAldrich, >98% purity) was added and stirred for 3 hours at 70 °C. Thereafter 3 mL
of 30% H2O2 (VWR international, 30% w/w) was added to finish the reaction. The
unzipped GNRs were collected by centrifugation (Heraeus Instruments, Labofuge 400, at
2900 rpm for 15 min). The pellet was re-suspended 3 times in deionized (DI) water and
re-centrifuged to remove the residual acid and inorganic salts. All pellets were air dried
overnight to remove any remaining impurities. The obtained GNRs were further refluxed
with 100 mL 30% H2O2 and stirred for 2 hours at 70 °C. After the completion of reflux,
200 mL of concentrated H2SO4 (VWR international, 95‐98%) was slowly added and the
mixture was left to stir for another 1 hour at 70 °C. The resulting suspension was diluted
and filtered through 0.45μm filter, dried, and re-suspended in pure DI water. This
procedure was repeated at least 3 times to wash away residual chemicals and obtain
GONRs. For the protein binding, BSA (Spectrum Chemical Mfg. Corp, CA) and fibrinogen
(Alfa Aesar) were incubated at 37 °C for 12 hours with CNMs. We used physiologically
22

relevant concentrations of BSA 5‐60 g/L and fibrinogen 0.5‐6g/L. All dilutions for BSA

Fig 3. 1 Illustration of sample preparation process
(/fibrinogen) were done in DI water (/0.9 % NaCl). After incubation, suspensions were
centrifuged for 15 min at 13,000 rpm and the obtained pellets were re-suspended in DI
water. The procedure was repeated at least 3 times to remove any unabsorbed protein.

3.2 Characterization:

Transmission electron microscopy (Hitachi 7600) was performed to investigate
changes in CNM structure upon chemical treatment. Contact angle measurements were
performed using a custom built setup equipped with Celestron’s 44302 digital USB
microscope. All the Raman spectra were obtained using a 514.5 nm Ar+ excitation
coupled to a Renishaw InVia micro Raman spectrometer. PL spectra was measured at 280
nm excitation wavelength and 300 - 450 nm emission range using a Horiba iHR 550
spectrometer equipped with a TRIAX 550 liquid N2 cooled CCD. Fourier transform
infrared (FTIR) spectroscopy was performed on a Thermo Scientific Nicolet 6700 ATR--‐
FTIR and Bruker IFS 66v/S. Cyclic voltammetry was carried out to measure the charge
transfer properties between the MWNTs and proteins solutions. The experiments were
performed with a Reference 3000 Potentiostats electrochemical measurement system
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(Gamry Instruments, Inc.). A platinum mesh was used

as the counter electrode and

Ag/AgCl as the reference electrode. The electrolyte solution consisted 40 g/L of BSA or 4
g/L of fibrinogen. All the data was obtained at a low scan rate (5 mV/s) to avoid any
diffusion limitations.

3.3 Electron Microscopy and Raman Spectroscopy:

As shown in Figs 3.2, we synthesized GNRs and GONRs by unzipping and
subsequently oxidizing pristine MWNTs. FTIR measurements (see Fig. A1) revealed the
absence of functional group type defects on MWNTs, while showed the presence of
hydroxyl groups on GNRs, which possibly formed on the edges of unzipped MWNTs
during chemical reflux and the unzipping process. In contrast to MWNTs and GNRs,
GONRs exhibited more functional groups such as epoxide, hydroxyl, and carboxyl
functionalities (see Fig. A1). The presence of polar functional groups on GNRs and GONRs

Fig 3. 2: Transmission electron microscope images of multi-walled carbon nanotubes (a),
graphene nanoribbons (b), and graphene oxide nanoribbons (c). The scale bars are 100 nm.
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indicate that they are more hydrophilic than MWNTs and could be ranked as MWNTs >
GNRs > GONRs in terms of hydrophobicity. Concurrent with the observations from FTIR,
our contact angle measurements confirmed the non-wettable nature of MWNTs and
GNRs (Fig. A2 ). As expected from the presence of polar groups on GONRs, water was
found to wet GONRs confirming the hydrophilic nature. The Raman spectra of all CNMs
used in this study (Fig. 3.3) showed the graphitic band (or G‐band), arising from
longitudinal and transverse optical phonons ~1585 cm-1, along with the so called disorder
or D band at 1350 cm-1. The integrated intensity of the D band to that of the G band
(ID/IG ratio) is often used as a measure of average defect-defect spacing in CNMs

.

57

Fig 3. 3 Raman spectra for pristine MWNTs, GNRs, and GONRs show the graphitic (G-band) at
~1585 cm-1. The defect band (D-band ~1350 cm-1) to G-band ratio (ID/IG) is high for GONRs due
to the harsh chemical treatment used in the two-step oxidation process. The 2D-band ~2700 cm1
is significantly lower for GNRs and GONRs relative to MWNTs due lattice disruption induced by
chemical treatment. Each spectrum was de-convoluted into respective Lorentzian peaks, as
shown in the figure.
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Clearly, as seen from Fig 3.3, the ID/IG ratio is higher for GONR and GNRs than the
pristine MWNTs, which could be attributed to the harsh chemical reactions in the
unzipping and oxidation processes. While GNRs are unzipped through only one time
exposure to sulfuric acid and KMnO4, GONRs undergo a two-step chemical process (i.e.,
unzipping and subsequent oxidation) leading to an increased D‐band intensity in their
Raman spectrum. Furthermore, the overtone of D-band (called 2D‐band ~2700cm-1 was
found to significantly decrease in intensity (at least by 10 times, as shown in Fig. 3.3
inset) in GONRs due to oxidation. The full width at half maximum of G‐band in GNRs
(~28 cm-1) and GONRs (~40 cm-1) also increased significantly relative to pristine MWNTs
(~20cm-1) indicating a decrease in phonon lifetime due to the presence of different type
of defects (particularly, edges and functional group type defects in GNRs and GONRs).
Additionally, a defect induced Raman feature ~1620cm-1, often activated at high defect
concentrations, is clearly observed for both GNRs and GONRs. Juxtaposing Raman, FTIR,
and contact angle measurements, it could be concluded that MWNTs are less defective
(ID/IG ~0.35) and more hydrophobic (no presence of functional groups), while GNRs
(/GONRs) are slightly (/highly) defective (ID/IG ~0.83 for GNRs and 0.94 for GONRs) and
weakly (/strongly) hydrophilic due to the presence of polar functional groups.

3.4 Adsorption Isotherms:

The protein adsorption on different CNMs was characterized using adsorption
isotherms obtained through photoluminescence studies. Previously, it was shown that
the intrinsic emission of proteins (~345 nm upon 280 nm excitation) from aromatic
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Fig 3. 4 Adsorption isotherms for BSA (a) and fibrinogen (b) on to various carbon nanomaterials
obtained using the intrinsic photoluminescence of aromatic acids in BSA and fibrinogen. The
trends match a Freundlich isotherm model suggesting non-uniform and multivalent adsorption
sites on carbon nanomaterials. Clearly, BSA adsorbs more on MWNTs and GNRs due to their
hydrophobicity while fibrinogen exhibits a relatively strong and concentration independent
binding to GONRs due to the availability of polar groups.
amino acids such as tryptophan, tyrosine and phenylalanine could be used to quantify
the unknown concentration of a protein through the use of a standard curve33. We
obtained a standard calibration curves for BSA and fibrinogen (Fig. A3) by measuring
their intrinsic photoluminescence at various concentrations in an aqueous medium.
Subsequently, the adsorption isotherms for BSA and fibrinogen on CNMs were obtained
by measuring the PL signal from adsorbed proteins and acquiring the protein
concentration from the standard curves in Fig. 3.4. Although the shape of experimental
isotherms for protein

adsorption often appears strikingly similar

to the Langmuir

isotherm, the use of the Langmuir isotherm is inappropriate in our case because of its
assumptions

such as: i) the equivalence of all adsorption sites, ii) one to one binding

between each adsorption site and the adsorbed

molecules, iii)

the absence of

interaction between adsorbed solutes, and iv) the dynamic reversibility
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of the

adsorption process47. In reality, adsorbed proteins tend to rapidly undergo surface
induced unfolding and reorientation to increase their contact area to irreversibly stick to
the material surface.

As shown in Fig. 3.4, the adsorption of BSA and fibrinogen on CNMs was observed
to follow a Freundlich isotherm. Unlike Langmuir model, the Freundlich isotherm is more
appropriate to describe the adsorption processes, as it does not assume uniformity, one
to one binding, and the absence of protein-protein interactions.

The Freundlich

adsorption isotherms mathematically expressed as:
(1)

log𝑎𝑎=1/𝑛𝑛𝑙𝑙𝑜𝑜𝑔𝑔𝐶𝐶+log𝐾𝐾

where α is the amount of adsorbed protein, C is the initial concentration of adsorbed
protein; 1/n and K are constants that indicate the intensity and capacity of adsorption,

Table 3. 1 Freundlich isotherm parameters for the adsorption of BSA and
fibrinogen on different carbon nanomaterials.
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respectively. We obtained the 1/n and K values (see Table 3.1) for BSA and fibrinogen
adsorption on various CNMs by fitting the data in Fig. 3.4.

We observed that 1/n and K values are similar for the adsorption of BSA on all
CNMs (Table 3.1). In the case of MWNTs (hydrophobic) and GNRs (which are only weakly
hydrophilic), a “shell” of interacting water molecules plausibly forms around the
hydrophobic surface decreasing the entropy. The disruption of this shell upon protein
adsorption is more energetically favorable because the release of otherwise constrained
water molecules leads to an increase in the entropy. Additionally, the energy of BSA‐
MWNT/GNR system could be reduced by the relaxation of protein secondary structures
to increase the protein entropy. Thus, the adsorption of BSA on to MWNTs and GNRs
could be expected to increase with increasing protein concentration (Fig. 3.4). The low
1/n values (cf. Table 3.1) for GONRs showed that GONR

exhibited relatively weaker

interaction with BSA. Surprisingly, the difference in 1/n values for the adsorption of BSA
on GONRs was only slightly different from MWNTs and GNRs despite their hydrophilicity.
The hydrophilic nature of GONRs does not constrain water molecules, unlike MWNTs and
GNRs, and thus the adsorption of BSA on GONRs is not accompanied by significant
entropy increase from the release of water molecules. Nevertheless, a comparable 1/n
value for the adsorption of BSA on GONRs could be attributed to the formation of
energetically

favourable hydrogen bonds between BSA

and functional group type

defects on GONRs (particularly, hydroxyl and carboxyl groups shown in Fig. 3.4).
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3.5: FTIR studies on secondary structure changes:

In the formation of the protein corona, the protein molecules initially adsorb on
to the CNMs while largely retaining their native state structure. Subsequently, the
adsorbed protein can begin to relax its secondary structure, unfold, and spread out on
the CNM surface and transition from an end on to a side on orientation49,58. The degree
of protein unfolding on a surface is influenced by the strength of the protein surface
interactions relative to the internal stability of the protein. Accordingly, to elucidate the
adsorption induced structural changes in proteins, we obtained the FTIR spectra of
adsorbed proteins as shown in Fig. 3.5. It should be noted that CNMs exhibit strong
absorption <240 nm due to their π‐electron system precluding the use of traditional tools
such as circular dichroism for the evaluation of protein secondary structure. As evident
from Figs. 3.5(a) and (b), the α-helical content in BSA leads to strong adsorption ~16401660 cm‐1 (shown in dashed lines) while the lower frequency component at ~1620‐1640
cm‐1 and the peak ~1555 cm‐1 arise from β‐sheets59,60. Clearly, the rich secondary
structure of BSA (particularly, the peak relating to α‐helical content) significantly
disappears upon its adsorption on to all CNMs, as expected from its low internal stability.
Indeed, the changes in secondary structure are higher in the case of SWNTs (i.e.,
complete disappearance of secondary structure) suggesting that BSA unfolds much
more,

relative to GNRs and GONRs, in order to adhere to the tubular MWNTs. GNR

and GONR retain BSA secondary structure to certain extent, as shown by the presence
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Fig 3. 5 (a) FTIR spectra for native BSA, BSA-adsorbed on MWNTs, GNRs, and GONRs show that
the nanostructures significantly affected the secondary structures of the proteins. The peak αhelix absorption in native BSA in the range from 1640 to 1660 cm-1 (indicated by the vertical
dashed lines) showed a significant reduction for MWNTs suggesting that the secondary
structures of BSA adsorbed on MWNTs were less compact. (b) In the case of fibrinogen, the loss
of secondary structure was highest for GONRs possibly due to the formation of hydrogen bonds.
While both MWNTs and GNRs exhibited a loss of α-helical content, the appearance of new peak
~1500 cm-1 (corresponding to random secondary structure motifs) in GNRs suggested a greater
degree of relaxation for fibrinogen, compared to MWNTs.
of ~1555 cm‐1 for β‐sheets. In the case of fibrinogen, the secondary structural changes

31

are found to be higher for GONRs compared to MWNTs and GNRs plausibly due to the
formation of hydrogen bonds. The α-helix peak was found to partially disappear for
fibrinogen adsorbed on MWNTs and GNRs. Lastly, the structural changes for fibrinogen
on GNRs seemed to be less pronounced than MWNTs possibly due to its shape. It could
be rationalized that fibrinogen must unfold more to adhere to MWNTs due to their
higher curvature that they possess compared to GNRs.

3.6 Cyclic Voltametry:

The chemisorption of proteins on bulk material surfaces has been known to occur
through charge transfer processes58,61–63. It may be expected that a surface facilitating
higher charge transfer at the nanoscale may lead to stronger surface‐protein interactions
and a subsequent increase in protein adsorption. To validate such a hypothesis, we
performed cyclic voltammetry (CV) measurements with CNMs as a working electrode in
protein electrolyte solution (Fig. 6). In CV characterization, the application of gate voltage
on the working electrode modulates its electronic energy levels, which when above
(/below) the LUMO (/HOMO) levels of the protein can result in a charge transfer.
Although the proximity of electronic levels make charge transfer between protein in
electrolyte solution and the working electrode (i.e., CNMs) thermodynamically favorable,
the probability of charge transfer depends upon density of electronic states at the Fermi
level (DOS(EF)) in the working electrode (CNMs in this case). In defect free CNMs (e.g.,
perfect sheet of graphene with no defects), the DOS(EF) is very low (almost zero for
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graphene) and therefore charge transfer is often not observable in the experiments33,64.
However, in our case, the presence of defects (introduced through unzipping in GNRs
and oxidation in GONRs) induces new electronic states in CNMs which could increase the
DOS(EF),and thereby lead to strong interactions between the protein and CNMs through
charge transfer. In a typical CV plot, a peak in current (in a current vs. voltage plot such as

Fig 3. 6 Cyclic Voltammograms for BSA (a) and fibrinogen (b) protein solutions on carbon
nanomaterial material working electrodes. MWNTs (/GONRs) exhibit a broad peak(s) (indicated by
a solid arrow) with BSA (/fibrinogen) indicative of an irreversible redox reaction suggesting a
charge transfer.
the one shown in Fig. 3.6) indicates the presence of charge transfer between the
electrolyte (i.e., protein solution in our case) and the working electrode (i.e.,
CNMs).Interestingly, the amount of charge transfer (Fig.3.6) does not concomitantly
increase with increasing ID/IG (cf. Fig3.6).Such an observation may be rationalized by the
fact that the electronic structure (i.e., both energy levels and DOS(E)), which is
dependent on shape, size, and defect density of CNMs, is different for MWNTs, GNRs,
and GONRs. Nonetheless, in the case of BSA (/fibrinogen), the charge transfer was found
to be the highest for MWNTs (/GONRs), which exhibited highest secondary structural
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changes (cf. Fig. 5) for BSA (/fibrinogen) suggesting that charge transfer may induce
protein unfolding or vice versa.

When taken together, photoluminescence, Raman, infrared and electrochemistry
measurements suggest that:

i)

the defect‐induced hydrophilicity can alter the formation of protein corona in CNMs, and

ii)

The net charge transfer between protein and CNM and the change in secondary
structures may be correlated, indicating that protein corona formation is accompanied
by both charge transfer and protein unfolding.
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CHAPTER 4

CONCLUSION AND FUTURE STUDY

In summary, we investigated the binding of bovine serum albumin (BSA) and fibrinogen with
different carbon nanomaterials. Raman spectroscopy measurements showed a higher amount
of defects in graphene and graphene oxide nanoribbons (GNRs and GONRs) compared to
pristine multi-walled nanotubes (MWNTs). The binding experiments showed that the BSA
adsorbs equally on all MWNTs, GNRs, and GONRs while fibrinogen showed a significantly lower
adsorption on MWNTs. The lower adsorption of fibrinogen on MWNTs was attributed to its
hardness relative to BSA. Furthermore, it is observed that the net conformational changes
(gleaned from infrared spectroscopy) in protein structure were highest for the cases of highest
charge transfer (observed in cyclic voltammetry) between protein and CNMs. Our results show
that the formation of protein corona is sensitive to the defects on CNMs and is accompanied by
both charge transfer and protein unfolding.

In this study, we have worked on a member of the carbon nanomaterial Family and have
used two most commonly found proteins in the human body. There are other families and
classes of nanomaterials and other proteins to consider. Also, there are other naturally
occurring nanomaterials and macromolecules found in the environment with which, ENMs can
bind, thereby increasing their mobility and hence their dispersion rates. These factors are yet to
be studied and we hope to contribute in these aspects in our future works.
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APPENDIX

A FTIR Spectra of MWNTs, GNRs and GONRs
In the FTIR spectra below, we can clearly see the peaks of various functional groups
present in the nanomaterials prepared in the lab for this study. We can clearly see in GONRs,
which were subjected to harsh chemical treatments, the presence of several functional groups
attached to it and MWNTs have none. This leads to the hydrophilic nature of GONRs whereas
the MWNTs are hydrophobic.

A. 1: FTIR spectra of MWNTs, GNrs and GONRs show the prescence of Polar functional groups in
GONR which makes it strongly Hydrophilic
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B Contact Angle Measurements
The hydrophobicity of the nanomaterial samples were verified by contact angle
measurements. A water droplet was allowed to fall on the sample and a picture was taken using
a micro camera. GONRs had great affinity towards water and the droplet was absorbed before
the picture could be taken. We have below the contact angle measurement data for MWNTs
and GNRs. The contact angle is larger than 90o for both the samples suggesting that they are
hydrophobic.

A. 2: The Contact angle for (a) MWNTs and (b) GNRs are both >90 o due to their hydrophobic nature.
GONRs absorb water very rapidly due to the presence of hydroxyl and carboxyl groups.
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C Standard curves from Photoluminescence
Different concentrations of the protein were taken and were subjected to
photoluminescence. The resulting intensities were recorded to produce these standard curves.

A. 3 Standard curve obtained from Photoluminescence of Aromatic acids in BSA and Fibrinogen to
measure amount of adsorbed protein
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